Abstract In order to examine whether or not the single unit activity of the dorsolateral prefrontal cortex of the rhesus monkey activated during delayed-response task is involved in a delayed-alternation task, the same prefrontal single unit activities were recorded extracellularly using tungsten electrodes while the monkey was performing the two tasks alternatively. Visual signals were given to two different locations (left and right) as visual cues and response cues. A total of 95 units were recorded. Two-thirds of them were activated during visual and response cue phases and were regarded as the visuokinetic units as defined in a previous paper . Visuokinetic units with no different discharge rate between left and right trials of delayed-response did not show a difference in delayed-alternation. Visuokinetic units with a differential rate in delayed-response trials did not necessarily show a difference in delayed-alternation. Visuokinetic units with no spontaneous activity in the intertrial interval time were considered as the E unit activity of delayed-alternation in a previous paper (KUBOTA and NIKI, 1971) . Remaining one-third of units were activated or depressed during visual cues or during response cues and their activities were not different from each other between two tasks. No differential activity was found which could be correlated to the alternative choice of the reward in delayed-alternation. Discussions were made on possible mnemonic functions relevant to previous studies.
neural information concerning production of correct responses using a cue introduced and removed from the environment a short time before, that is, an information of spatial short-term memory function (cf. FUSTER, 1973; KUBOTA et al., 1974; KUBOTA and NIKI, 1971) .
Previous single unit studies of the prefrontal cortex were concerned with only one of these tasks and several types of activities related to the tasks were recorded from a wider area of the prefrontal cortex (FUSTER, 1973; KUBOTA, 1974; KUBOTA et al., 1974; KUBOTA and NIKI, 1971; KUBOTA et al., 1972; NIKI, 1974a NIKI, , 1974b NIKI et al., 1972; SAKAI et al., 1972) . If in a delayed-response type task with two choice spatial cues (for example, left and right), the discharge of a given unit showed an increase or decrease during the delay period compared to that of the control nondelay period, that discharge could be correlated, though indirectly, to a mnemonic function of the location of reward . Indeed, FUSTER (1973) showed a prefrontal unit activity higher in the delay period than that in the intertrial interval time (his B and C types of units). Since this activity did not show a difference in the discharge rate between left and right choice trials, he attributed this activity to a role in processes of sensorial and mnemonic attention, only critical for short-term memory. Recently KUBOTA et al.(1974) showed in a delayed-response with two visual cues that the majority of prefrontal units were activated during visual cue, delay and response periods (their visuokinetic units) and most of them did not show difference in the rate between left and right choices. Only a fraction of these units showed a difference. It was suggested by them that, while the former activity, as by Fuster, is attributable to a general 'attentive' process, only a few units of the latter category may be related to remembering the location of the reward, i.e., to a spatial short-term memory function. NIKI (1974a) also observed in a similar delayed-response task situation that a minority of visual cueactivated units differed in rate during delay and cue presentations between left and right choices.
Also in delayed-alternation task some prefrontal units showed differential activity between left and right choices and some others did not (KUBOTA, 1974; KUBOTA and NIKI, 1971; NIKI, 1974b; SAKAI et al., 1972) . Two kinds of prefrontal units were described, one activated during the delay period (D-unit) and the other being silent during that period but activated during lever depression (E-unit) (KUBOTA and NIKI, 1971) . These units did not show a clear differential change of discharge rate but in a later study, the presence of D-units with a different rate during delay period was reported (KUBOTA, 1974; SAKAI et al., 1972) . Recently NIKI (1974b) classified prefrontal units in a delayed-alternation with visual cues into 3 types; Type I was activated during visual-cue-key press time, Type II was depressed during that time and Type III was activated after lever depression. In common to all these 3 types, some units showed different rates between left and right choices. In contrast to results in the delayed-response task, in a delayed-alternation task a motor performance constitutes the memorandum for the next per-formance, therefore it is difficult, to correlate the prefrontal unit activity during delay period to memory functions on the basis of differential or selective rate of discharges between two choices (KUBOTA and NIKI, 1971; NIKI, 1974a) .
It was attempted in this study to record the same single unit activity in both delayed-response and delayed-alternation in order to find correlations between separately described discharge patterns of delayed-response and delayed-alternation. The activity of the visuokinetic unit, both differential and non-differential, in delayed-alternation was of primary interest. Results indicate that neuronal mechanisms for successful execution of the delayed alternation are not necessarily the same with those postulated for the delayed response.
METHODS
Instrumentation and methods of data analysis are exactly the same as in a previous paper . Two young male monkeys (Macaca cyclopis; body weight, 3.3-5.7kg) were used.
Initially the monkeys were trained to perform a delayed-response task mentioned in a previous study . A panel with two pairs of lamps and lever complexes arranged on the right side was placed in front of the monkey sitting in a primate chair so that the monkey could use his right hand and also so that two pairs of lamps could be located close together. One lamp signal was switched on for one second as a visual cue and then both lamps were illuminated as a cue to respond (go signal). Except for the response go phase, the monkey had to continually press the hold key, which was located between the chair and the panel. If the monkey pressed an appropriate lever with his right hand, the go lamps were turned off and a juice reward was delivered to the mouth (for detailed arrangements, see KUBOTA et al., 1974) . After the monkey attained a criterion of 85% correct responses with a 3sec delay, a delayed-alternation schedule was additionally given. For this, the delayed-response schedule was modified so that in the cue phase,instead of a single lamp signal (either left or right), two (left and right) lamp signals were presented; other temporal relations were the same (Fig. 1) . Therefore, in a single trial of delayed alternation of 7sec the same two lamp signals were presented twice, first as a no-go signal in the middle of the delay period and secondly as a go signal after the delay. Since the monkeys were overtrained with the delayedresponse, on the day when the delayed-alternation task was added, monkeys performed the task with 80% correctness. These two tasks, having 10 correct responses respectively, were given alternately. If the lever was incorrectly pressed, the same cue was presented until the correct choice of lever-depression (correction method) was accomplished. The no-go signal was intended to compare the unit activity in response to the lamp signals accompanied by lever depression with that unaccompanied by lever depression. In these tasks the discharge rate at the intertrial interval time of the delayed-response constituted the control state for the comparison. One trial sequence started as soon as the monkey depressed the hold key (details of experimental situation, refer to KUBOTA et al., 1974) . I:delayed-response (DR). Left (L) or right (R) cue lamp was presented for one sec according to a Gellerman's series. After 3sec of delay both left and right lamps indicated a 'go' lamp signal. As soon as the monkey depressed the lever, releasing the hold key, two lamps were turned off and reward juice was delivered to the monkey's mouth. Before the onset of visual cue, there was an intertrial interval time of 3sec (ITI) which started after depressing the hold key. II:delayed-alternation (DA).'Go' lamp signals were rewarded if one of two (left and right) levers were pressed alternately. Delay was started as soon as two lamps were turned off and the reward was given. In the middle of the delay time, two lamp signals were presented for one sec, as `no-go' signal. If the monkey depressed the lever to the 'no-go' two lamps, the sequence was reset. Delay time may be divided into segments, that is, time after the lever-depression to hold key press, time from hold key press to no-go signal onset (early delay), time during no-go signal and finally time after the no-go signal to onset of go signal (late delay). 
RESULTS

General
From two monkeys tested with both delayed-response and delayed-alternation tasks, a total of 95 units showed changes of discharge rates in relation to events of the two tasks. Sixty-five per cent of these units (62 units) demonstrated visuokinetic properties as described in a previous paper . Eighteen per cent (17 units) were activated only during lever depression, 8% (8 units) were depressed during cue and/or lever depression (depression type of units), 7% (7 units) were only transiently activated by visual stimuli, either cue or go signal, and finally, 1% (1 unit) was activated by juice reward. The frequency distribution of those sampled units was not much different from that of a previous paper . Out of 62 visuokinetic units, only 3 units showed a different discharge rate between left and right trials, particularly during cue and/or delay periods. Therefore the question whether differential visuokinetic units show similarly a difference in the delayed-alternation is not completely answered. Activities other than visuokinetic ones did not show significant changes, either in delayed-response or delayed-alternation, therefore no further mention is made of them in this paper.
These units were recorded from wider areas than previously reported , they were found not only from upper and lower banks of the caudal half of the principalis sulcus, but also from the arcuate area and from rostral and caudal banks of the superior and inferior arcuate sulci and medial and lateral banks of the arcuate spur. No notable differences in discharge characteristics were recognized between mid-principalis area and arcuate area.
Discharge patterns of visuokinetic units
All visuokinetic units, as defined by discharge changes during delayed-response task, were influenced during delayed-alternation task. Compared to the rate in the control intertrial interval time of delayed-response, increase of the discharge rate was observed not only during no-go signal and late delay but also during go signal phases.
An example of visuokinetic unit activity during both delayed-response (upper) and delayed-alternation (lower) is illustrated by dots in Fig. 2 (#8 of Table 1 ). In the control, discharges were irregular (mean rate for left trial, 4.2 and that for right trial, 5.5 spikes/sec). By the cue the rate was doubled in the left trial and was tripled in the right trial. These increased states continued throughout the succeeding delay (left, 10.9 (left) and 18.4 spikes/sec (right)) until response periods. On both sides increased rates during cue, delay and go periods showed significantly higher values than the respective control rates in the intertrial interval (P<0.05, t-test). Difference of these values during cue and delay periods between left and right trials are significant (P<0.05).
Therefore, this unit is a visuokinetic unit with a differential rate of increase between left and right trials of delayed-response. These temporal changes were the same as those characteristics already described for the visuokinetic unit .
In the delayed-alternation task, the rates during the early phase of delay were slightly higher than those in the control of delayed-response and there was no difference between left and right trials (6.9 for left and 6.5 spikes/sec for right). By no-go signals the unit was activated similarly to delayed-response and the rate increased to 11.2 (left) and 15.8 spikes/sec (right), and was as high as those in cue phases of the delayed-response. In the late phase of delay the rate was high (13.9 for left and 18.1 spikes/sec for right). During no-go signal and succeeding late delay periods a higher rate, not significant, was produced in the right trials, even though the same two lamp signals were presented. In the go period, a further increase was observed on both sides (17.3 for left and 26.9 spikes/sec for right). Thus, in this illustrated unit, an increase during lamp presentation and succeeding delay periods was observed not only in delayed-response but also in delayedalternation, and there was no increase in the early delay phase of delayed-alternation. Side differences of the rate observed during cue and delay periods of delayedresponse was not striking in delayed-alternation. The burst activities seen in early delay (10th and 6th trials) were not correlated to any behavioral changes of the monkey and were unexplained. Figure 3 illustrates another example of a visuokinetic unit which had little spontaneous activity in the intertrial interval (#3 in Table 1 ). In both delayedresponse and delayed-alternation the unit was slightly activated during cue and no-go lamp phases but not during delays. As for the go phase, the unit was activated preceding the right-side lever-depression but not in the left-side-depression. During delayed-alternation delays, both early and late, no strikingly higher rate than in the control was seen. In a previous study on delayed-alternation (KUBOTA and NIKI, 1971 ), E-units had little spontaneous activity in the delay and were acti- vated in association with lever depression. The unit illustrated in Fig. 3 had features described as E-unit. Thus, those visuokinetic units which are not activated in delay (therefore, also in the intertrial interval) and only weakly activated by the visual cue, would correspond to the E-unit in delayed-alternation. Units #1-#3 of Table 1 with a spontaneous activity at less than 1 spike/sec may be included in this category. Out of 62 visuokinetic units studied in this paper 8 units (13%) belonged to this group. Table 1 summarizes calculated results of 14 paired visuokinetic units in various stages of both delayed-response and delayed-alternation. Compared to the values at intertrial intervals they showed either increase or decrease in discharge rate during these tasks. Among these a differential increase was observed in 3 units (#1,#8, and #12). Except for one unit (#10), all units showed discharge increase during no-go lamp signals at least on one side. When an increase was observed during cue phase of delayed-response, it was also observed during no-go lamp phase of delayed-alternation. When an increase was observed in delay of delayed-response, it was not necessarily observed in the late delay of delayedalternation. If in delayed-response there are rate differences in cue and delay phases between left and right trials, significant differences are not necessarily observed during no-go signal and early and late delay phases in delayed-alternation (cf. #1,#8, and #12).
Conversely, even if there was no side difference in delayedresponse, a significant difference could be observed during no-go signals (#9) . Side difference in the early delay of delayed-alternation was observed only in one unit (#11). Compared to the control, it was slightly depressed in the right early delay and no side difference was found in other phases of the tasks. From these , an increased activity in delay phase of delayed-response is not associated with an increase in the early delay of delayed-alternation. Since no visuokinetic units showed significantly higher rate in the early delay than in the control intertrial interval, the visuokinetic unit in delayed-alternation did not seem to be significantly contributing to choosing the correct side to be pressed by the hand. However, it is possible that rate changes during the no-go signal of the visuokinetic unit seem to facilitate the lever depression responses in choosing a correct side of lever depression.
Incorrect trials and visuokinetic units
Since alternate performing of two tasks was relatively difficult for the monkeys tested, more errors in choosing the correct lever-depression occurred in both tasks than in previous studies of single task (KUBOTA et al, 1971; KUBOTA et al., 1974) . Therefore results with error trials are presented. In most visuokinetic units with similar rates for both left and right trials, there was no noticeable difference in the temporal discharge patterns at any phase between correct and incorrect trials . However when a difference was found between left and right, in some of such units a significant difference in the rate was observed in incorrect trials. Figure 3 includes error trials for both left and right trials. In 77% correct delayed-response performance, 3 incorrect response trials to the left cue (3', 5', and 6') were illustrated. Immediately preceding lever depression for the go period,3-8 spikes appeared when the monkey pressed the right lever incorrectly in the left cue trial. It is to be noted that this increase contrasts with an absence of such activity in correct pressing. In an 80% correct delayed-alternation performance an incorrect left-side depression (7') was not associated with increased unit activity but in an incorrect right-side depression (5') more than 10 spikes appeared. In the incorrect lever depression the unit behaved in such a way that the monkey was pressing the lever as if the lever to be pressed was correct because the increase is dominant in rightlever depression. Due to limited number of sampled units it is not possible to conclude that such a coupling is common. Table 1 includes examples of average values of incorrect responses in which significant differences are shown in incorrect trials from values in correct trials (#3,#9, and #12).
To those values of incorrect trials which show a significant increase or decrease from values in correct responses are attached encircled arrows. In unit #9 the rate during no-go signal was depressed in the left trial and facilitated in the right and there was a significant difference in these two values. When the monkey pressed the right-side lever incorrectly, there was no depression during the no-go lamp. A higher rate in correct trials was also observed in early and late phases of the delay and go periods, though insignificant. In unit #12 the activity induced by no-go signal was significantly higher in incorrect left trials than in correct left trials. As for the early delay of unit #11, the rate in the correct trials was significantly higher than in the left correct trials. In the incorrect trials the relation was reversed, that is, in incorrect left-lever depression the rate was not so low as in the correct right depression. In units such as #4-#7, though not significant, a decreasing tendency in incorrect trials is noted.
DISCUSSION
From the primate dorsolateral prefrontal cortex the same single unit activity was recorded during delayed-response and delayed-alternation. Lamp signals were used as visual cue and/or response cue.
Visuokinetic units activated in delayed-response changed their rates invariably in delayed-alternation. In delayed-alternation visuokinetic unit activity showed a rate increase not only during no-go phase but also during go phase immediately before lever depression. No units were found active only during delayed-alternation. Most visuokinetic unit activations with no left-right side difference during cue and delays of delayed-response were also activated similarly and showed no side difference during no-go signal and later delay of delayed-alternation. Visuokinetic units with differential activation in delayed-response did not necessarily show a differential activity in late delays and no-go phases of delayed-alternation.
In a previous paper ) the following suggestion was made on a possible neuronal activity related to short-term memory during delayed-response; the visuokinetic activity with different discharge rates between left and right choices may play a key role in obtaining the reward successfully . This suggestion, however, is not applicable to delayed alternation, since, though sampled units are small , differential activity in the delayed response task does not show a clear differential rate in early phases of delay in delayed alternation . However, the fact that in a limited number of units no-go signals produced a differential rate change between left and right trials indicates that changes by no-go signals are taking a subordinate facilitatory effect in choosing the alternate side in delayed-alternation . Unit activity showing a different rate during delay period which begins after lever depression of the preceding trial, such as Kubota and Niki's D unit (KUBOTA and NIKI, 1971 ) or Niki's Type II and III units (NIKI, 1974 a) may play a role in determining the side to be pressed. Future prefrontal unit studies should be directed to examine these units in the tasks in which non-delay period is included and behavior of the animal is strictly controlled. Because number of sampled units are so small in this paper, it is yet inconclusive whether the differential visuokinetic units of delayed-response show differential activity in the delay of delayed-alternation.
From comparisons of activities in these tasks and of data of previous studies KUBOTA and NIKI, 1971) , it has been concluded that the Eunit in delayed-alternation constitutes a minor fraction of those visuokinetic units which have no spontaneous activity in the control intertrial interval phase and are little activated by the visual cue and during delay phases. This would explain a relative difficulty in recording the E-unit activity in an earlier paper (KUBOTA and NIKI, 1971) , although technical improvements in a later study facilitated visuokinetic unit recording. The E-unit activity was also recorded from the caudate head and the mediodorsal nucleus of the thalamus (KuBoTA and NIKI , 1971; . Timing of the onset of the discharge with reference to the behavior are of similar order among three structures . As already known, the anterodorsal portion of the caudate head receives fibers from the mid-principalis area (DIvAc et al., 1967; JOHNSON et al., 1968) , therefore, a cortical E-unit is likely to be an efferent neuron from the mid-principalis to the caudate head and to other unknown structures.
Some of the visuokinetic units showed a change of rate when the monkey performed the task incorrectly:it was either an increase or decrease from the rate in the correct trials. Although sufficient qualitative data are not available, results indicate that prefrontal visuokinetic unit activity is related to correct or incorrect choice of the reward.
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